The electron dynamics in strong field nonsequential double ionization (NSDI) of nitrogen molecules by mid-infrared (MIR) laser pulses is investigated with the three-dimensional classical ensemble model. The numerical results show that in the MIR regime, the correlated behavior of the two electrons from NSDI is independent on the molecular alignment, contrary to the case in the near-infrared (NIR) regime where the electron correlations exhibit a strong alignment dependence. In consistent with the experimental results, our numerical results show that the longitudinal momentum spectrum of the doubly charged ion evolves from a wide single-hump structure at NIR regime into a double-hump structure when wavelength enters the MIR regime. This double-hump structure becomes more pronounced as the wavelength further increases. The responsible microscopic electron dynamics of NSDI at the MIR regime is explored by back analysis of the classical trajectories. 
Introduction
Nonsequential double ionization (NSDI) is a fundamental process in laser-matter interaction. Due to the strongly correlated electron-electron behavior, NSDI have attracted increasing attention since the observation of the knee structure in the ion yield versus laser intensity curve [1] . A series of experimental and theoretical studies [2-17] have provided convincing evidences that the quasiclassical recollision model is responsible for NSDI [18, 19] . According to this model, the first electron tunnels through the combined barrier of the laser electric field and the Coulomb potential. Then it is driven by the oscillating electric field and returns to the parent ion as the electric field reverses its direction, recolliding with the ion inelastically and leading to the second electron freed directly in an (e, 2e) process or excited with subsequent field ionization (RESI) [4] . Partly due to the limitation of ultrafast amplifier technology, the wavelengths of the laser pulse in those previous studies are mainly in the NIR region (λ ≤1μm). With the advance of ultrafast laser technology, the MIR laser pulse (1μm <λ ≤10μm) have become available [20] . Recently, the interaction of atoms and molecules with MIR laser fields has drew much attention and new phenomena and new applications have been observed and proposed [21] [22] [23] [24] . For example, an unexpected spike-like structure at the low energy of the above-threshold-ionization (ATI) spectra in the MIR regime has been experimentally observed [21, 22] . In the study of high-harmonic generation (HHG), it has shown that the MIR laser pusle not only produces much more energetic harmonic photons but also reduces harmonic chirps [24] , which is beneficial for attosecond pulse generation. The strong-field NSDI of atoms and molecules by the MIR pulses has also attracted experimental attention [25] [26] [27] . For instance, In Refs. [25, 26] , it has been shown that the shape of longitudinal momentum distributions of the doubly charged ion for atoms and molecules shows a double-hump structure in the MIR regime, different from the case in the NIR regime where it is a single-hump structure. This double-hump becomes more pronounced as the wavelength further increases [25, 26] .
The previous investigations [28, 29] have shown that in the NIR regime, the electron correlation of the electron pairs from NSDI strongly depends on the molecular alignment. For instance, the electron pairs from NSDI of N 2 by the 800-nm pulses are more likely to emit into the same hemisphere when the molecular axis is aligned along the laser polarization. In this paper, with the 3D fully classical ensemble model [15], we investigate the correlated electron dynamics in NSDI of N 2 by the MIR laser pulses. Our numerical result shows that the correlated behavior of the electron pairs from NSDI is independent on the molecular alignment in the MIR regime, contrary to the case in the NIR regime [28] . Our results show that the longitudinal momentum spectrum of the doubly charged ion evolves from a wide single-hump structure at NIR regime into a double-hump structure when wavelength enters the MIR regime. This double-hump structure becomes more pronounced as the wavelength further increases. This behavior agrees well with the experimental observations [25, 26] . Back analysis reveals that the recollision ionization (RCI) is strongly enhanced with the increasing wavelength. This RCI mechanism dominates NSDI for both alignments at the MIR regime, and thus for both alignments the electron pairs involved in NSDI are more likely to escape into the same hemisphere, leading to the alignment-independent electron correlations. Additionally, the intensity dependence of longitudinal momentum distributions of the doubly charged ion is discussed.
The classical ensemble model
Due to the huge computational demand of describing the two-electron system in the strong laser field, current theoretical efforts have resorted to classical methods [ 
, where the subscript i is the label of the two different electrons and E(t) is the linearly polarized electric field. The nucleus-electron and electron-electron interaction are represented by a 3D soft-Coulomb potential
To obtain the initial value, the ensemble is populated starting from a classically allowed position for the N 2 ground state energy of −1.67 a.u. The available kinetic energy is distributed between the electrons randomly. Then the electrons are allowed to evolve a sufficient long time in the absence of the laser field to obtain stable position and momentum distributions [5, 17, 33] . To avoid autoionization and ensure stability, we set the screening parameter a and b to be 1.15 a.u. and 0.05 a.u., respectively. In the present calculations, the internuclear distance R is set to be 2.0 a.u (the internuclear distance of N 2 ). The electric field E(t) is linearly polarized along the z axis. The pulse has a trapezoidal shape with two-cycle turn on, six cycles at full strength, and two-cycle turn off. After the laser pulse is turned off, we determine double ionization (DI) if both electrons achieve positive energy.
Note that the classical model can not describe the interference and orbital symmetry effect. It has been shown that for the molecules the two-center interference and the orbital geometry play important roles in NSDI [36] [37] [38] [39] . For example, with the S-matrix theory it has been shown that for NSDI of N 2 the alignment-dependent contributions from the outmost and the suboutmost orbits are different [39] . In ref. [37] it has been shown that the correlated electron momentum distributions for NSDI of diatomic molecules exhibit interference structure, which is due to the orbit geometry and two-center interference. Of course, these quantum effects could not be captured by classical models. Investigations on these effects must resort to quantum models, for example, the well developed S-matrix theory [36] [37] [38] [39] . For the issues this paper focused, the classical model has been proved to be valid [29] . Thus, in this paper, we employ the classical model for simplicity and to provide intuitive insight into the physical process.
Results and discussions
Figure 1 displays the correlated electron momentum distributions in the direction of the laser polarization at the intensity of 1.0 × 10 14 W /cm 2 with the wavelengthes of 800 nm (the first row), 1200 nm (the second row) and 1600 nm (the third row). In Figs. 1(a) , 1(c) and 1(e) the molecular axis is aligned parallel to the laser polarization while in Figs. 1(b) , 1(d) and 1(f) the molecular axis is perpendicular to the laser polarization. For the 800-nm pulses, the electron correlations strongly depend on the alignment of the molecules, as shown in Figs. 1(a) and 1(b). Compared with parallel molecules, the electron pairs are more likely to emit into the opposite hemispheres for the perpendicularly aligned molecules, which is consistent with the experimental results [28] . Our statistic shows that for the 800-nm pulses the proportions of electron pairs emitted into the same hemisphere are 60% and 50% for the parallel and perpendicular molecules, respectively. However, for the 1200 nm and 1600 nm, the correlated behavior of the electron pairs is independent on the molecular alignment. For the 1200-nm pulses the proportions of electron pairs emitted into the same hemisphere are 68% and 66% for the parallel and perpendicular molecules, respectively. And for the 1600-nm pulses, the proportions are 61% (parallel molecules) and 59% (perpendicular molecules). This means that the effect of molecular alignment on the correlated behavior of electron pairs is much weaker in the MIR regime than that in the NIR regime. The responsible microscopic electron dynamics of the alignment-independent electron correlations at the long-wavelength regime can be revealed by back analysis of the doubly ionized trajectories. Tracing the classical DI trajectories allows us easily to determine the recollision time and the ionization time. For each DI trajectory, the recollision time is defined as the instant of the closest approach after first departure of one electron from the parent ion. The final ionization time is defined to be the instant when the energy of electron becomes positive for the first time, where the energy of the each electron contains the kinetic energy, potential energy of the electron-ion interaction and half electron-electron interaction repulsion. Figure 2 shows the laser phase t DI (in cycles) at time of DI versus laser phase t r at recollision [33] for the laser wavelength λ =1200 nm. Figures 2(a) and 2(b) correspond to the molecules aligned parallel and perpendicular to the laser polarization, respectively. It is clearly seen that most of recollisions occur in the time range 0.3T-0.5T (or 0.8T-1.0T, where the T is the laser cycle), just before the zero crossing of the field for both molecular alignments. It is consistent with the prediction of the simple-man model [18] . As shown in Fig. 2 , the dominant part of the population are along the diagonal t DI = t r , which implies that most of DIs occur immediately after the recollision for both molecular alignments. This behavior is different from that in the NIR regime, where a significant part of the DI trajectories are ionized with a considerable time delay after recollision [29] . For the perpendicular molecules, the proportion of the delayed DI is larger than that for the parallel molecules, thus more electron pairs emit into the opposite hemispheres [29] . In the MIR wavelength, as shown in fig. 2 , for both alignments NSDI are dominated by recollision ionization (RCI, where the second electron ionizes directly by the recollision of the first electron). Now we further investigate the effect of the laser wavelength on the ion longitudinal momentum distribution. Figure 3 displays the longitudinal momentum spectra from NSDI of N 2 with the laser wavelengths of 800 nm (a), 1200 nm (b) and 1600 nm (c), respectively. The laser intensities are chosen to be (a) 2.25×10 14 W /cm 2 , (b) 1.0×10 14 W /cm 2 and (c) 0.563×10 14 W /cm 2 , respectively, so that the ponderomotive energy for the three wavelengths is the same. The spectra in Fig. 3 are plotted in units of U p , where U p is the ponderomotive energy. For 800-nm pulses, the spectrum exhibits a wide single-hump structure and it is well consistent with the experimental result [40] . When the wavelength increases to 1200 nm, the single-hump structure evolves into a double-hump structure [see Fig. 3(b) ]. This double-hump structure becomes more pronounced as the wavelength further increases [see Fig. 3(c) ]. These results agree excellently well with the experimental observations [25, 26] .
To give an overall understanding of evolution of the ion momentum spectra, we analyze the time lag between DI and recollision for different laser wavelengths. Figure 4 shows the total faction of double ionization versus delay time between DI and recollision. In Fig. 4(a) the delay time are plotted in units of optical cycle. For 800-nm pulses, about 40% of the DI occurs within 0.25T after recollision, meaning that most of the DI occurs through RESI. For the 1200-nm pulses, about 50% of the DI occur within 0.25T and this proportion is 60% for the 1600-nm pulses, meaning that more and more DIs occur through RCI. the total faction of double ionization versus delay time, but the delay time is given in units of femtosecond. It can be seen that for the longer wavelengths the "absolute" delay time is also short than that of the shorter wavelength. This "absolute" delay time can been considered as the thermalization time [41] . This result means that for the longer wavelength pulses, the electrons are thermalized more quickly. This further indicates that at the long wavelength DI occurs more likely through RCI process and the second electron releases more quickly. The enhancement of the RCI process leads to the shape of the doubly charged ion spectrum evolving from a single-hump structure at NIR regime into a double-hump structure at MIR regime [25, 26] .
The wavelength-dependent contribution of the RCI pathway can be qualitatively understood as follows. For a fixed ponderomotive energy, the electric field for the shorter wavelength is stronger than those of the longer wavelengths. Thus, after recollision, the ionization probability of the excited N + 2 is higher for the shorter wavelength. While at the longer wavelengths, the ionization probability of the excited ion is lower because of the lower laser intensity. Thus, the RECI pathway is suppressed as compared to the case of the short wavelength. Consequently, NSDI is more dominated by the RCI pathway at the longer wavelengths. In ref.
[25], Alnaser et al. proposed that the ion momentum structure could be estimated by the scaling parameter α = I 3 p /ω 2 (I p and ω are the ionization energy and laser frequency, respectively). They found that the dip structure in the momentum spectrum was more prominent for the higher value of α. Obviously, our results above are consistent with the analysis of Alnaser et al. In order to explore the intensity influence on the electron dynamics of the molecular NSDI in the MIR regime, we consider the higher laser intensities 0.8 × 10 14 W /cm 2 and 1.0 × 10 14 W /cm 2 for the 1600-nm pulses in Fig. 5 . Comparing with Figs. 3(c) and 5(a), one can easily find that the valley of the ion longitudinal momentum distribution is filled up with the increase of the laser intensity. There is only a very shallow valley in the ion longitudinal momentum distribution for 0.8 × 10 14 W /cm 2 [see Fig. 5(a) ]. When the laser intensity further increases, the ion momentum spectrum exhibits a triple-hump structure [see Fig. 5(b) ], which is different from the case at the lower intensity where it is a clear double-hump structure [see Fig. 3(c) ]. In fig. 5(c) we divide the DI populations of fig. 5 (b) into two parts: the electron pairs in the same (blue solid curve) and opposite (red solid curve) hemispheres. As shown in the Fig. 5 (c), the central peak originates from the populations in the opposite hemispheres. To explore the responsible dynamics process for the triple-hump structure of the doubly charged ion momentum spectrum, we examine the laser phase at recollision and double ionization. Figures. 6(a) and 6(b) show the laser phase at recollision and at final ionization of the second electrons, respectively. For the DI populations in the same hemisphere, most recollisions occur before the zero crossing of the laser field [see the blue curve in Fig. 6(a) ] and the relevant DIs occur near zero crossing of the laser field or before the first maximum of field after recollision [see the blue curve in Fig. 6(b) ]. These results indicate that these electrons escape within a quarter laser cycle after recollision, and thus the electron pairs release into the same direction [4, 33] . While for the DI populations in the opposite hemispheres, most of recollisions [see the red curve in Fig.  6(a) ] and DIs [see the red curve in Fig. 6(b) ] occur near the maximum of the laser field. After recollision, the electron pairs emit into opposite directions because the laser field only provides a small drift momentum [4, 33] . This process results in a considerable proportion of opposite electron pairs at the higher intensity and thus the additional central peak in the momentum spectrum.
Conclusion
In summary, with the 3D fully classical ensemble model, we have investigated correlated electron dynamics in NSDI of N 2 by the MIR laser pulses. Our numerical results show that the correlated behavior of the two electrons from NSDI in the MIR regime is independent of the molecular alignment, contrary to the case in the NIR regime where the electron correlations exhibit a strong alignment dependence [28] . The longitudinal momentum spectra of the doubly charged ions exhibits a wide single-hump structure at the NIR regime. While in the MIR regime, the ions momentum spectra displays a double-hump structure and this double-hump shape becomes more pronounced as the wavelength increases, which is well consistent with the experimental results [25, 26] . Back analysis reveals that the RCI mechanism dominates NSDI for both alignments at the MIR regime, and thus for both alignments the electron pairs involved in NSDI more are likely to escape into the same hemisphere, leading to the alignmentindependent electron correlation. The enhancement of contribution of the RCI also results in the double-hump structure of ions momentum spectra, which becomes more pronounced as the wavelength further increases because the contribution of RCI further increases. Additionally, in the MIR regime, the shape of the longitudinal momentum spectrum of N 2+ 2 changes from doublet to triplet as the intensity increases.
